The formation of nitric oxide was investigated in methane diffusion flames under the perturbation of laminar vortices. LIF and Raman spectroscopy were used to measure nitric oxide, major species, and temperature, and to obtain the time evolution of the scalar dissipation rate at the stoichiometric surface during the flame/vortex interaction. Vortices with two characteristic times were thrust into the flame and their effects were compared to steady flames at the same scalar dissipation rate. The experimental measurements showed that the vortex did not affect significantly the peak temperature, CO and CO 2 mass fraction during the interaction. NO, instead, was strongly affected. The peak mass fraction of NO in flames under vortex perturbation differed by almost a factor of 2 from steady flames with similar scalar dissipation rates. One-dimensional numerical simulations, used under the well-justified assumption that the vortices induced negligible curvature, yielded results in good agreement with the experimental measurements. The numerical computations were also used to investigate the effect of the characteristic time of the vortex on the different NO formation paths, i.e. thermal, and prompt. The peak mass fraction of thermal NO was shown to be strongly dependent on the time scale of the unsteady perturbation, while prompt NO was almost independent. The emission index, i.e. the production of NO normalized by the consumption of the fuel, behaved quasi-steadily for the two formation paths. The results were rationalized by considering the flame structure and the activation energy of the different formation paths.
INTRODUCTION
Pollutant formation in combustion processes is a topic of growing public concern and subject to increasingly stringent regulations. As a result, a significant experimental and numerical effort has been devoted to the subject in recent years. To circumvent the intrinsic complexity of turbulent flames and consequent limitations in experimental and computational capabilities to treat these types of flows, laboratory research has often focused on steady laminar flames. Here a situation of intermediate complexity is investigated, namely, the interaction of conterflow flames with laminar vortices. A review of the work done on this subject is presented in [1] . Specifically, this approach proved to be useful for the quantitative study of extinction phenomena in diffusion flames [2] [3] [4] . This work showed that extinction is not dependent on the time scale of the perturbation when described in terms of the scalar dissipation rate at the stoichiometric surface, because of the fast chemistry associated with the heat release. By the same assumption, flamelet models have been used to predict the structure of turbulent diffusion flames. Attempts to predict pollutant formation, on the other hand, have been more problematic, especially because the time scales involved in the chemistry responsible for the formation of major pollutants are slow relative to the relevant fluid dynamic time scales. For example, Pitsch et al. [5] had to resort to an unsteady flamelet model to compute nitric oxide in turbulent flames, to reach agreement with the experimental measurements within 25-50%.
Nitric oxide has been measured by different experimental techniques and has been computed in steady one-dimensional and two-dimensional diffusion flames. For instance, Smooke et al. [6] measured nitric oxide in jet diffusion flames via LIF and compared the experimental results to numerical computation, showing good agreement between the two. Li and Williams [7] measured NO x in counterflow diffusion flames using gas chromatography and compared the experimental results to numerical simulations.
Counterflow diffusion flames with time dependent boundary conditions offer yet another controlled system in which numerical simulations have been carried out [8] . This work showed the effect of the oscillating frequency on the production of NO, NO 2 , CO and the time delay generated by the unsteady boundary conditions. On the other hand, pollutant formation under unsteady perturbations has received little attention from an experimental standpoint. An interesting experimental work was carried out in [9] , in which soot formation in counterflow diffusion flames was investigated under oscillating velocities at the boundary.
In the present work, the production of nitric oxide under a vortex-induced perturbation is studied. In particular, the influence of the characteristic time scale of the vortex on the formation of NO is investigated in details and the results compared to steady flames with the same scalar dissipation rate. One-dimensional time dependent computations are compared to the experimental measurements to shed light on the different NO formation path and their sensitivity to unsteady perturbations.
EXPERIMENTAL APPARATUS
Details of the burner apparatus were reported in [2] . Briefly, an axisymmetric counterflow diffusion flame was established in a vertical configuration, with the oxidizer being fed from the top, CH 4 and N 2 from the bottom. Both sides of the burner terminated in a contraction with an exit diameter of 12.5 mm and a separation distance of 13 mm. A steady flame, with mass fraction of the fuel, Y f =0.12, on the fuel side and mass fraction of O 2 , Y Ox =1.0, on the oxidizer side, was perturbed by periodically-generated laminar toroidal vortices from the oxidizer side. The boundary conditions were chosen to have a relatively high flame temperature, and consequently, produce a significant amount of NO. At the same time, soot production, which would have caused significant complications with the experimental measurements, was avoided. Vortices of different characteristic time scales, with a characteristic dimension much larger than the thickness of the mixing layer, were generated to mimic unsteady perturbations characteristic of turbulent environment.
Nitric oxide was measured using Laser Induced Fluorescence (LIF). The third harmonic of a Nd:YAG laser pumped a dye laser using coumarin 450. The laser was tuned to 452 nm and its output was doubled to produce the 225.8-nm excitation (4 mJ per pulse at 10 Hz repetition rate). The UV beam was focused by a 20-cm-focal-length quartz lens on the burner centerline. Spectral features over a wavelength range from 225.4 to 226.9 nm were matched with the data of Engleman [10] . The Q 1 (18) concentrations of the quenching partners and temperature were measured using Raman scattering, as described below, and the appropriate corrections were applied following [12, 13] .
The LIF measurements were complemented with Raman Scattering measurements. A detailed description of this technique in this experimental configuration was presented in [3] . A Nd:YAG laser delivering 100 mJ/pulse at 532 nm was used as the excitation source. Dispersion was achieved with a 68 mm x 68 mm ruled grating with 1200 grooves/mm and a 500 nm blaze wavelength. The spectrograph output was imaged on the photocathode of a DEP XX1450DH image intensifier coupled to an Apogee AP7 camera by two 50 mm, f#1.8
AF Nikkor lenses.
Raman measurements were used to obtain the number density of the major species (CH 4 , O 2 , N 2 , H 2 O, CO, CO 2 ) along the burner centerline. The temperature profile and the scalar dissipation rate profiles could be obtained from the measurement of the major species. The vortex-actuating signal was used as a master pulse for the proper synchronization of both experimental systems.
NUMERICAL APPROACH
Curvature effects are generally modest in hydrocarbon diffusion flames. Such effects were deliberately minimized in the present experiments using vortices much larger than the characteristic thickness of the mixing layer. The curvature was measured using vortex visualizations, similarly to [2] . The thickness of the mixing layer, m = D / A , was estimated based on the thermal diffusivity D and the strain rate A. Throughout the flame/ vortex interaction the ratio of the radius of curvature to the thickness of the mixing layer was larger than 10, enabling us to neglect two-dimensional effects. Based on this simplification, the flame behavior along the stagnation streamline could be modeled as a one-dimensional time-dependent counterflow diffusion flame. The numerical simulation of the counterflow diffusion flame was obtained solving the mass, momentum, energy and species conservation equations along the stagnation streamline using a model described in [14] , where the pertinent conservation equations and the employed boundary and initial conditions are described in detail. An existing numerical code [14] , developed to simulate steady counterflow diffusion flames, was modified by introducing a backward Euler approximation for the evaluation of the time derivatives in the conservation equations. The numerical model employed detailed chemical kinetics (GRI version 2.11 [15] , 48 species and 275 reactions), and transport properties. GRI 2.11 was chosen as the mechanism yielding the best agreement with the experimental data. The initial solution for the time-dependent computations was obtained using the steady-state model, with the experimentally measured boundary conditions. The time-dependent calculations were then performed imposing a velocity perturbation at the oxidizer side boundary, which was obtained from experimental LDV measurements, as in [2] .
RESULTS AND DISCUSSION
The spatial profiles of the major species (CH 4 two profiles compare well with a difference between the peak NO mass fractions of less than 30%. The species profiles were used to estimate the quenching corrections for NO, similarly to [6] , and to obtain the scalar dissipation rate at the stoichiometric surface, as in [3] . The latter was defined as s = 2 D∇Z s 2 where D is the thermal diffusivity of the mixture,
the mixture fraction (ox and f indicate the conditions on the oxidizer side and the fuel side respectively). The conserved scalar β was defined as = Y N2 , for reasons explained in [3] . Evidently, this definition is based on the presumed inertness of N 2 and does not take into account the NO x chemistry. Numerical simulations showed this approximation to be very accurate. Fig.2 shows experimental measurements of the time evolution of peak NO, CO, CO 2 mass fraction and temperature (left axis) during the flame/vortex interaction. Also shown in the same figure is the time evolution of the scalar dissipation rate at the stoichiometric surface (right axis). All quantities are normalized by their initial values. The vortex, generated every almost 15 ms, during which, the peak mass fraction of nitric oxide decreased by more than 90% with respect to its initial value, while the scalar dissipation rate increased five times, before recovering its original value (χ 0 =30 1/s). The peak temperature was mildly affected by the change in scalar dissipation rate. However, even mild change in peak temperature can result in significant changes in the contribution from thermal NO. The peak mass fraction of carbon dioxide varied less than 15% during the interaction and the peak mass fraction of carbon monoxide first increased above the initial value, than decreased by an amount smaller than 10% before recovering the initial conditions. A similar trend in CO was observed in [8] and in our own numerical simulations.
The effect of the characteristic vortex turnover time on the formation of NO is presented in Second, the peak mass fraction of nitric oxide depends on the characteristic time scale of the vortex for a given scalar dissipation rate. The peak mass fraction of CO, CO 2 , and peak temperature, instead were mildly affected by the variations in scalar dissipation rate, as shown in Fig. 2 , and they were almost unaffected by the characteristic time scale of the vortex.
To determine the relative contribution of the main paths to NO formation, namely, thermal, prompt, N 2 O route and through the reaction O + NNH = NH + NO [16] , additional numerical simulations were performed. The last two formation paths provide a negligible contribution to the amount of total NO under the present conditions and are omitted from the discussion that follows. Thermal NO was calculated using the hydrocarbon part of the mechanism [15] and appending only the thermal portion of the NO x , similarly to [6] . The contribution of "prompt" NO was evaluated as a difference of the amount calculated with the full chemistry and the one with thermal NO.
In Fig.4 The results for prompt NO are consistent with the numerical simulation of Im et al. [8] , in which the NO present in the system was mainly "prompt".
The behavior of the peak mass fraction with the time scale of the perturbation can be interpreted on the basis of the flame structure and characteristic time scales involved in the process. The structure of an unsteady diffusion flame has been described as consisting of an outer zone in which a balance of convection, diffusion and accumulation takes place and a quasi-steady diffusive-reactive inner layer that has been described by rate-ratio asymptotics [17] . The latter, in turn, consists of a fuel consumption zone, a radical equilibration zone, and an oxygen consumption zone. Fig. 5 shows computed profiles along the flame axis of the mass fractions of O, CH, thermal NO, prompt NO, T and the production rates of thermal and prompt NO for a flame with scalar dissipation rate equal to -1 . Thermal NO is produced in a thin layer, the oxidation zone, where the mass fraction of O is significant and the temperature changes with respect to the peak temperature by an amount of order RT f 2 /E NO , where E NO is the activation energy for the initiation step N 2 +O -> NO+N, and T f the flame temperature. Thermal NO diffuses outside this production layer and can be found in appreciable concentrations throughout most of the outer layer as well, which, for the present purpose can be taken as the region in which T departs from its value at the boundaries. Prompt NO, on the other hand, is formed in the even thinner fuel consumption zone, in which the concentration of CH is significant. Fig. 5 shows that it is consumed (reburn) on the fuel side, as the negative production rate indicates, and diffuses only on the oxidizer side, in a region relatively thinner as compared to that in which thermal NO is present.
To explain the different behavior of various species under unsteady perturbation, consider the species mass fraction governing equation for the generic species Y in the unsteady diffusive reactive inner layer of thickness δ RL :
where RL ≈ m = D with being a small quantity, of the order of the inverse of a Zeldovich number, and m is the thickness of the mixing layer. In the limit of ∂Y ∂t → 0, Eq.1 becomes 
with τ uns as the time scale of the unsteady perturbation, equal to τ vor in this specific case. Eq. Turning to CO and CO 2 , we find activation energy values of 37 kJ and 15 kJ, respectively [18] , whereas the chemical times are estimated at 30 µs and 135 µs, respectively. CO is produced in the fuel consumption zone, it is consumed on the oxygen side and diffuses on the fuel side. CO 2 is produced in the oxygen consumption zone and diffuses on both the fuel and oxygen side. Unsteady effects are minimal for the mass fraction of species produced and nearly consumed in the reaction layer, such as CO and prompt NO, while are more pronounced for species that can diffuse in the thicker outer layer, such as thermal NO and CO 2 .
If the other limiting case of τ uns << τ ch of Eq.(4) can also be examined,
which implies that the unsteady effects will depend only on the strength of the perturbation and the activation energy. This case, however, is not particularly interesting since the flame would extinguish well before this condition is achieved.
The emission index, calculated as EI NO 
CONCLUSIONS
The formation of nitric oxide was investigated both experimentally and computationally in methane diffusion flames at various scalar dissipation rates that were established either quasi-steadily or via a laminar vortex-induced perturbations. Experiments and computations were found to be in good agreement. The effect of the characteristic time scale of the vortex on the different NO formation paths was also studied computationally. Prompt NO mass fraction and emission index were found to depend only on the scalar dissipation rate, regardless of whether the flame had been strained quasi-steadily or by a vortex. The peak mass fraction of thermal NO, on the other hand, was shown to be affected by both scalar dissipation rate and its time history. CO, CO 2 and the peak temperature were mildly perturbed by the presence of the vortex, while the instantaneous peak of nitric oxide was strongly affected. The results were discussed on the basis of considerations of flame structure and the different activation energies of the various chemical pathways. In the context of flamelet models, these results suggest that steady-state flamelet libraries can be used to determine the NO emission index but not the spatial distribution of its mass fraction which is strongly influenced by unsteady phenomena. are reported as a function of the scalar dissipation rate at the stoichiometric surface. 
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